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INTRODUCTION 21
Debris flows are a ubiquitous hazard in mountain areas, not least because of their ability 22 to avulse from an existing channel and inundate adjacent areas on debris-flow fans (Rickenmann 23 *Manuscript Click here to download Manuscript: G32103-Schuerch-revised.docx Publisher: GSA Journal: GEOL: Geology Article ID: G32103
Page 2 of 15 and Chen, 2003; Jakob and Hungr, 2005) . The avulsion probability is controlled mainly by the 24 ratio of flow peak discharge and channel conveyance capacity. While the latter can be estimated 25 from field measurements (Whipple and Dunne, 1992), both parameters can change rapidly 26 during a flow due to erosion and deposition along the flow path (Fannin and Wise, 2001 ). This 27 not only makes it difficult to predict the temporal evolution of an individual flow, but also 28 changes the boundary conditions for the next flow in that channel. There results a critical need to 29 understand the dynamic relationships and feedbacks between debris flow volume and the 30 changes in channel topography due to erosion and deposition as the flows traverse a fan. 31
Previous studies have focused more on debris-flow deposition than on the mechanics of 32 erosion, and published work on erosion is partly contradictory. Takahashi The objective of this study is to understand the interaction between a debris flow and the 48 channel bed by systematically measuring erosion and deposition in a series of natural flows at 49 both the reach and fan scales. We hypothesize, based on the results of Berger et al. (2011) , that 50 local bed elevation change is related to basal shear stress (and thus to maximum flow depth) and 51 flow volume. We use a terrestrial laser scanner (TLS) to determine high-resolution reach-scale 52 measurements of erosion and deposition in a natural channel caused by four debris flows. We 53 then relate these data both to flow depth and to fan-scale flow volume changes estimated from 54 debris-flow hydrographs. 55
56

STUDY AREA 57
The Illgraben debris flow fan is situated in the Rhone valley, Switzerland ( we have monitored the channel bed using TLS in an unconfined 300 m study reach between 69 CD16 and 19 (Fig. 1) . 70
71
METHODS
72
We surveyed the study reach before and after debris flows using a Trimble GS200 73 terrestrial laser scanner yielding point clouds of ~10 7 vertices per survey. Data from individual 74 scan positions and subsequent surveys were merged into one coordinate system using an iterative 75 closest point matching algorithm (Besl and McKay, 1992) . We gridded the data to a 0.2 m 76 resolution DEM and calculated difference models ( (Table DR1) Repository). The friction relation is then used to integrate the hydrograph over the event duration 92 to obtain the total flow volumes at both the apex (CD10) and toe (CD29) of the fan. 93
94
RESULTS
95
The difference DEMs for events 11 and 14 (Fig. 2) show that both events caused net 96 erosion within the study reach, leading to increases in flow volume of 87 ± 6 m 3 and 2039 ± 4 97 m 3 , respectively, but that the spatial patterns of erosion and deposition are very different. Event 98 11 shows alternating regions of erosion and deposition, with erosion along the deepest parts of 99 the channel and on the outside of bends, and discontinuous levee deposits along the flow margins 100 and on shallow terraces ( Fig. 2A) . The maximum discharge in this event was ~60 m 3 s -1 101 calculated at CD10. In event 14, the deepest parts of the channel were eroded continuously 102 throughout the reach; zones of deposition correspond to localized over-bank spill and several 103 large boulders (D > 2 m) have been emplaced along the flow margins (Fig. 2B) . The average 104 flow depth in the channel was substantially larger than in event 11 and we estimate a maximum 105 discharge of ~630 m 3 s -1 at CD10. 106
By combining estimated maximum flow depth in each grid cell with the measured 107 elevation change in that cell for events 9, 11, 12 and 14, we can evaluate the effect of flow depth 108 on the probability of erosion or deposition (Fig. 3A) . The data illustrate two important 109 observations: that substantial erosion is more likely with increased flow depth, but also that a 110 broad range of outcomes is possible at any given flow depth. 111
Flow depth also appears to control debris-flow behavior at the fan scale. Of the 14 events 112 in Figure 3B , 11 led to net deposition on the fan and three (5, 9, 13) to net erosion when 113 comparing flow volumes at CD10 and CD29. All erosive events had front heights greater than 114
Publisher: GSA Journal: GEOL: Geology Article ID: G32103 By CD29, only a single surge was discernable, with a front height of 2.5 m. At the fan scale this 117 event was clearly depositional (Fig. 3A) . However, visual inspection of the channel showed that 118 it was highly erosive on the upper part of the fan (between CD10 and 16), including the study 119 reach (Fig. 2B) , while downstream of CD18 we observed widespread deposition on inset 120
terraces. 121
122
DISCUSSION AND CONCLUSIONS 123
We have established a unique record showing correlation between flow depth and erosion 124 or deposition in debris flows (Fig. 3A) . At flow depths of less than 1.5 m the probability 125 distribution function (PDF) of bed elevation change approaches symmetry around zero: erosion 126 and deposition are equally likely. As flow depth increases, the PDF widens to include the 127 possibility of high erosion values, while the probability of deposition decreases moderately. At a 128 flow depth of 1-2 m the probability of deposition is up to 50%, while at a depth of 3 m the 129 probability of deposition is less than 25%. . Although all three processes may be relevant here, we lack data on the second and 140 third mechanisms. We can evaluate the first by converting flow depth to basal shear stress (Fig.  141   3A) , defined as  =  g h S where  is density, g is gravity, h is flow depth and S is channel Cumulative storage change on fan (right axis)
Storage change per event (left axis)
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